Abstract. The efficient computational approach denoted as charge and atom dipole response kernel (CDRK) model to consider polarization effects of the quantum mechanical (QM) region is described using the charge response and the atom dipole response kernels for free energy gradient (FEG) calculations in the quantum mechanical/molecular mechanical (QM/MM) method. CDRK model can reasonably reproduce energies and also energy gradients of QM and MM atoms obtained by expensive QM/MM calculations in a drastically reduced computational time. This model is applied on the acylation reaction in hydrated trypsin-BPTI complex to optimize the reaction path on the free energy surface by means of FEG and the nudged elastic band (NEB) method.
INTRODUCTION
Most of chemical reactions occur in the molecular assembly such as solution or biomolecules. In order to investigate chemical reactions associated with bond breakings or formations in large systems, QM/MM method can be widely used within a reasonable computational time. However, it is still time consuming to calculate averaged energy gradients of QM atoms, which are equivalent to FEGs [1, 2, 3] , by means of the MD simulation, since energy gradient evaluations of QM atoms should be repeated until the sufficient convergence is achieved under considerable number of different MM configurations appeared at a given temperature. To save the computational time, charge response kernel (CRK) approximations [4, 5, 6 ] have been applied to evaluate FEGs in order to take polarization effects of QM regions into consideration without repeating a quite large number of QM/MM calculations. Despite the success of CRK approximations, potentially disadvantages exist in the approximation for some molecules. Considering linear or planar molecules, there is no response site which is normally atomic site on the direction perpendicular to the bond or the molecular plane, disabling to express the polarization for such directions as was suggested by Tsutsumi et al. [6] . Therefore, in this presentation, induced atom polarizations are explicitly introduced as an atom dipole response kernel to overcome this difficulty to provide widely applicable computational approach for FEG evaluations in the context of the QM/MM method. Then, it is applied on the enzymatic reaction in hydrated trypsin-BPTI complexes [7, 8] .
POLARIZATION EFFECTS OF QUANTUM REGION IN QM/MM COMPUTATIONAL SCHEME USING RESPONSE KERNEL APPROACH
In QM/MM method, the total energy of the system can be expressed as
represents van der Waals interaction between QM and MM regions. As the QM structure is frozen to evaluate averaged gradients of QM atoms, some of these energy components can be expanded using the second order Taylor expansion [9] as The first derivative of Eqs. (2) and (3) with respect to QM coordinates can be used to evaluate energy gradients of QM atoms using four response kernels. 
Detailed derivations for these equations will soon be published elsewhere. Figure 1 .It is confirmed that CDRK model can reasonably reproduce both energies obtained by QM/MM calculations, while large discrepancies are seen in the conventional CRK model for many sample points. It is noteworthy that atom dipole response kernel significantly improved internal QM energies, which are corresponding to deformation energies due to polarizations of molecular orbitals. Since structures associated with chemical reactions are usually not clear, widely applicable computational models are preferred to estimate FEGs of QM atoms. In addition to these energies, their gradients were also well agreement with QM/MM results (not shown here). 
APPLICATION ON ACYLATION REACTION IN TRYPSIN-BPTI COMPLEX
Trypsin is a member of serine proteases to cleave the peptide bond mostly at the carbonyl carbon of a lysine or an arginine in the digestive system. However, bovine pancreatic trypsin inhibitor (BPTI) binds to trypsin [ Figure  2 (a)] with high affinity to inhibit the peptide bond hydrolysis by >10 11 slower than for peptide substrates [7] . The first step in the generally accepted mechanism is an acylation reaction by the nucleophilic attack of the oxygen in a serine on the carbonyl carbon atom in the substrate to yield the acyl-enzyme (EA) intermediate and the substrate leaving group. The rate limiting step in trypsin-peptide substrates is considered to be this acylation reaction. However, details of the reaction mechanism are not still fully understood.
Since CDRK method can drastically save the computational time, the reaction pathway on the free energy surface for the acylation reaction in the hydrated trypsin-BPTI complex has been optimized using FEGs and NEB methods. The computational code used in this study is Amber-Gaussian interface program [10] .In the NEB method, the reaction path is described by the chain of conformations, in which each intermediate structure consists of the reaction path is denoted as "bead" in this document. Thus, total 16 beads have been used to describe the acylation pathway. In each bead, FEGs have been evaluated by averaging forces on QM atoms using CDRK model for 100psec MD simulations of the MM region, which requires about 8 hours on a single Core i7 3.2GHz computer in contrast to ca. 170 days by conventional QM/MM MD simulations.
The FEGs are converged to be less than While the interatomic distance between C3 and O4 are significantly decreased from 2.69Å to 1.38Å, the cleaved peptide bond distance between N2 and C3 is slightly increased from 1.34Å to 1.88 Å. This means that the backward association reaction between C3 and N2 atoms to reform reactant complex is rather easily occurred in EA complex from the structural point of view. This is considered as one of the reason why BPTI inhibits the reaction in trypsin-BPTI complex. Relative free energies along the reaction path are under investigation by comparing with the reaction for the normal substrate-trypsin complex.
SUMMARY
Widely applicable high performance computational approach denoted as CDRK model suitable to evaluate FEGs is proposed in this study based on both the charge response kernel approach and the energy expression of QM/MM method. In this approximation, the induced atom dipole moment is explicitly included in the conventional response kernel approximation, which can drastically improve the internal energies of the QM region in addition to the electrostatic interaction energies between QM and MM regions even for a linear or a planer molecules. These approaches enable us to investigate the reaction path on the free energy surface in complex systems in a reasonable computational time.
